Pure dimers, trimers, tetramers and pentamers of rabbit non-immune IgG (immunoglobulin G) 
Pathology, Faculty ofMedicine, University ofGeneva, CH-1211 Geneva, Switzerland (Received 7 September 1979) Pure dimers, trimers, tetramers and pentamers of rabbit non-immune IgG (immunoglobulin G) or antibody IgG were prepared by polymerization in the presence of the bifunctional cross-linking reagent dithiobis(succinimidylpropionate). Oligomerization was performed either in the presence of polysaccharide antigen and specific monomeric antibody (method A) or by random cross-linking of non-immune rabbit IgG in the absence of antigen (method B). By repeated gel-filtration chromatography, samples prepared by both methods exhibited a single band in analytical sodium dodecyl sulphate/polyacrylamide-gel electrophoresis. The electrophoretic mobilities of samples prepared by method A were slightly greater than those for the corresponding samples prepared by method B. This might suggest a role played by antigen in the orientation of IgG molecules within the clusters, which may be more compact than those formed by random cross-linking. The average numbers of cross-linker molecules per oligomer varied between 3 and 6 for clusters made by method A and between 1 and 3 for clusters made by method B. Ultracentrifugal analyses of the oligomers yielded sedimentation coefficients (S20,W) of 9.6S for the dimer, 1 1.2S for the trimer, 13.6 S for the tetramer and 16.1 S for the pentamer. Comparison of the observed sedimentation coefficients with those predicted by various hydrodynamic models suggested these oligomers possessed open and linear structures. Reduction of the cross-linking molecules converted oligomers into monomeric species of IgG. C.d. spectra of some oligomers studied in the range 200-250nm were essentially the same as that of monomeric IgG molecules, thus strongly suggesting no major conformation changes in IgG molecules within clusters. These oligomers were found to be stable for up to 2 months when stored at -700C.
The antibody molecules can be viewed as a biochemical transducer that connects the activity of antigen recognition with certain effector functions (e.g. the triggering of complement activation, the release of histamine mediated by mast cells and the induction of lymphoid cells to differentiation) that can be evoked on specific combination with antigen (Metzger, 1974 (Metzger, , 1978 . The antigen-recognition function is carried in the N-terminal region of the IgG molecules (Fab portion) , and the effector functions are manifested by the C-terminal domains (Fc portion) (Nisonoff et al., 1975) . These two functional regions are joined via two segments of the heavy polypeptide chain, designated as the hinge Abbreviation used: IgG, immunoglobulin G.
Vol. 187 peptides. The appearance of effector functions subsequent to antigen binding has been rationalized by several hypothetical mechanisms (Metzger, 1974 (Metzger, , 1978 . Briefly, the antigen evokes these new functions either by inducing a conformation change in the distally located Fc region (allosteric model) or by spatially organizing immunoglobulin domains to produce multivalent complexes (associative model). In the latter case the mere polymerization of antibody by multivalent antigen is the necessary and sufficient role played by the antigen. Generally, univalent antigenic determinants are not effective in eliciting the various effector responses mediated by the Fc portion of the molecule (Metzger, 1974 (Metzger, , 1978 see, however, Goers et al., 1977) . Recent evidence points to aggregation of antibody rather 0306-3275/80/060767-08$01.50/1 (9) 1980 The Biochemical Society than to the appearance of an altered, antigeninduced, conformational state in the Fc part of IgG as the most likely explanation for the appearance of these new effector functions (Jaton et al., 1976; Wright et al., 1977; Willan et al., 1977a,b; Dudich et al., 1978; Wright et al., 1978a,b; Wright, 1978) .
Previous studies have made use of immunoglobulin aggregates produced by reaction with antigen, by non-specific cross-linking, by heat aggregation or by cross-linking via bivalent haptens. The drawbacks of these approaches are twofold: the IgG oligomers are undefined and/or unstable (Hyslop et al., 1970) . Complement fixation has been observed with clusters containing a minimum of four or five immunoglobulin molecules (Hyslop et al., 1970; Jaton et al., 1976) . The production of dimers and trimers of IgG covalently cross-linked via their variable domains by means of a bivalent affinity label has been described (Segal & Hurwitz, 1976; Segal et al., 1979) . Dimers and trimers of these complexes exhibit no complement-fixation ability. In the present paper the production, purification and characterization of a series of chemically crosslinked rabbit IgG oligomers ranging in size from dimers to pentamers is reported. These oligomers are stable, yet they can be readily dissociated because of the use of the thiol-sensitive cross-linking agent dithiobis(succinimidylpropionic acid). The IgG oligomers were used in subsequent work for studies of complement fixation (see the accompanying paper, Wright et al., 1980) .
Materials and Methods

Synthesis ofoligomers
The rabbit anti-(SIII pneumococcal polysaccharide) antibody 45-394 was purified by affinity chromatography as described in detail elsewhere (Jaton et al., 1976) . Non-immune rabbit IgG was isolated from sera by (NH4)2S04 and Na2SO4 precipitations and by chromatography on DEAESephadex A-50 and Sepharose 6B-CL (Pharmacia Fine Chemicals, Uppsala, Sweden). A 28-sugar hapten was isolated from an acid hydrolysate of the SIII polysaccharide (Jaton et al., 1976) . After tyramination (Eichman & Kindt, 1971) , this derivative was iodinated with 131I by the procedure of Eichman (1972 (hapten/binding-site molar ratio approx. 1.8:1). The reaction mixture was kept overnight at 2-40C, during which time a small immune precipitate was formed. The suspension was dialysed at 40C against 0.2 M-sodium phosphate buffer, pH 3.5, containing 1 M-NaCl for 24 h. After that time the immune precipitate dissolved, and dialysis was continued until the hapten was dissociated and dialysed away from the complexes. The final antibody/hapten molar ratio exceeded 200:1, as determined from measurements of the retained radioactivity. The antibody solution was subsequently dialysed, first against 0.2 M-sodium phosphate buffer, pH 5.0, overnight, and then against 0.2M-sodium phosphate buffer, pH 7.4, for IOh. The antibody was precipitated by the addition of (NH4)2S04 to 50% saturation (at pH 7.4). This sample was processed further as described below for method B. Method B Purified non-immune rabbit IgG from single sera was concentrated by the addition of an equal volume of saturated Na2SO4 at 300C, the solution was centrifuged at 300C after 2 h, and the precipitate was dissolved in 0.1 M-sodium borate buffer, pH 9.0. This solution was dialysed overnight against the same buffer at 40C. Rabbit IgG (200-270,uM) was cross-linked by the dropwise addition of 40,ul of a 4 mg/ml solution of dithiobis(succinimidylpropionate) per ml of antibody in solution. Both solutions had been precooled and were kept in ice. The coupling reaction was allowed to proceed for 2 h at 40C after completion of the addition of the cross-linking reagent. IgG oligomers prepared by either method A or method B were then fractionated from the bulk of non-cross-linked material by passage of up to 3 ml samples through tandem columns of Sephadex G-200 (2.6cm x 95cm) and Sephadex 6B-CL (3cm x 95cm) (Pharmacia Fine Chemicals) equilibrated with 150mM-NaCl/lOmMTris/HCl buffer, pH 7.4. Effluent fractions containing predominantly one species as judged by gel electrophoresis (see below) were collected and concentrated by the addition of (NH4)2SO4 (0.2g/ml). Redissolved samples at final volumes of 0.5-2 ml were resubjected to chromatography on the Sepharose column once or twice until pure fractions of oligomers were obtained. This column was developed in the upward-flow mode with a flow rate of 16 ml/h. After the loading of the protein samples 10ml of buffer containing 10% saccharose was applied to improve the resolution. Pure fractions of oligomers obtained in this manner were stored in the developing buffer at -700C until used.
Gel electrophoresis
Preparations of IgG oligomers could be conveniently analysed on 14cm slab gels consisting of 7.5% acrylamide (acrylamide/NN'-methylenebisacrylamide ratio 75:2, w/w) for monomers to trimers, 5% acrylamide (acrylamide/NN'-methylenebisacrylamide ratio 50: 1, w/w) for higher oligomers, or a 3-7.5% polyacrylamide-gel gradient (acrylamide/NN'-methylenebisacrylamide ratio 50: 1, w/w) for monomers to pentamers in the presence of sodium dodecyl sulphate (Laemmli, 1970) . A mixed Tris/glycine buffer was employed.
Samples (15-20,ug) of IgG oligomers were applied to the gels. After development of the gel, protein bands were located by staining with Coomassie Blue.
Determination of the degree ofprotein modification after cross-linking Samples of pure oligomers were treated for 2 h at 200C with 2mM-dithioerythritol/150mM-Tris/ HCI buffer, pH 7.4, followed by treatment with 10mM-iodo[1-14C]acetamide (specific radioactivity 3053 c.p.m./nmol). Known quantities of reduced and alkylated samples were loaded on 10% acrylamide gels, and the heavy chains and light chains were resolved by electrophoresis (see above) in the presence of sodium dodecyl sulphate. Bands were located by staining with Coomassie Blue, excised and destained. Sections of the gels were then treated with 1 ml of NCS tissue solubilizer (Amersham/Searle, Des Plaines, IL, U.S.A.) at 500C for 2h. Then 9ml of Bray's (1960) solution was added and the radioactivities of the samples were counted in a Packard Tri-Carb model 3380 liquid-scintillation counter; samples of iodoacetamide used to determine the specific radioactivity of the label were measured in scintillation solution of the same composition as that for the protein samples, including a portion of polyacrylamide gel. (Yphantis, 1960) . Absorption optics were employed in sedimentation-velocity and sedimentation-equilibrium experiments.
C.d. spectra
These were obtained with a Cary 60 instrument, rebuilt for c.d. measurements, equipped with a Jobin-Yvon modulator at 20°C; protein samples at a concentration of 0.26 mg/ml were dissolved in l5OmM-NaCl/lOmM-Tris buffer, pH 7.4, and the spectra were recorded in a 1 mm-path-length cell between 250 and 200nm.
Results
Preliminary experiments had indicated that the bivalent reagent dithiobis(succinimidylpropionate) (Lomant & Fairbanks, 1976) was more effective than dimethylsuberimidate in producing IgG oligomers in the range of dimers to pentamers, even though both reagents attack protein a-and E-amino groups. The first reagent also has the advantage that this cross-linking reagent is cleavable by mild reduction (Lomant & Fairbanks, 1976) . The yield of relatively small oligomers is optimal in 0.1 M-sodium borate buffer, pH 9.0, rather than in phosphate buffer, pH 7-9. The sedimentation-velocity pattern of a sample of IgG cross-linked by method B (non-immune IgG, no hapten) disclosed the presence of a significant portion of material sedimenting more rapidly than monomeric IgG, as expected. Two different approaches were employed in the production of oligomers: a large hapten, a 28-unit oligosaccharide derived from the SIII pneumococcal polysaccharide (Jaton et al., 1976) , was allowed to organize the specific antibody into an array that was known to fix complement (Jaton et 2B al., 1976) . The molecules within such a complex might then be cross-linked as a consequence of their proximity to one another on the hapten, which could be subsequently dissociated at low pH and removed by dialysis. Multiple cross-linking by dithiobis-(succinimidylpropionate) might maintain this orientation or geometry of the individual immunoglobulins within the complex (method A). In parallel to this procedure, the random cross-linking of non-immune IgG molecules in concentrated solutions was exploited to produce large amounts of IgG oligomers, which were expected to possess random arrangements of immunoglobulins within the complex (method B). This method assumes that there is no preferred mode of association of IgG in concentrated solutions (30-40 mg/ml) that would lead to the production of oligomers of particular geometry. The application of these two approaches may permit the simultaneous evaluation of the effects of polymerization of IgG and orientation of IgG within the clusters in the expression on antibody effector functions (see Metzger, 1974 Metzger, , 1978 .
Pure oligomers of rabbit IgG were obtained by gel filtration of samples that had been cross-linked by dithiobis(succinimidylpropionate) in the presence of hapten (method A) or by the cross-linking of IgG in concentrated solutions of non-immune rabbit IgG (method B). The purified fractions were examined by analytical sodium dodecyl sulphate/polyacrylamide-gel electrophoresis (Fig. 1 These aggregates were further characterized by analytical sedimentation-velocity and sedimentation-equilibrium ultracentrifugation (Table 1 ). The weight-average molecular weights (Mw) were found to be near multiples of the molecular weight of IgG, supporting the assignments made for the species observed by electrophoretic analysis (Fig. 1) . The sedimentation coefficients of the oligomers prepared by method A (hapten present) and method B (a). (non-immune rabbit IgG) suggested that the clusters of the same degree of polymerization behave hydrodynamically quite similarly. Observed average sedimentation coefficients of pure dimers, trimers, tetramers and pentamers were 9.7, 11.4, 13.4 and 16.1 S respectively (Table 1 , column 4). Since the sedimentation coefficient of a complex is related to the translational frictional coefficient, the physical treatments described by Kirkwood (1954) and Bloomfield et al. (1967) allowed this coefficient to be computed on the assumption of specific geometries for the oligomers. For doing this, three hydrodynamic models have been considered and are schematically represented in Fig. 2 . Oligomers were considered to be cylinders composed of segments of height and radius 5.7nm (Bloomfield et al., 1967) representing the constituent monomers (Fig. 2a) , or the monomeric elements in the clusters were regarded as spheres hydrodynamically equivalent to single IgG molecules that were arranged in a rigid (1967) and models (b) and (c) are based on the treatment described by Kirkwood (1954) . For details see the text. linear array (Fig. 2b) or in a cyclic array (Fig. 2c) With the tetrameric and pentameric oligomers prepared by method B, the observed sedimentation coefficients lay somewhat between the theoretical values for linear and cyclic models. This could be a reflection of the lower rigidity of these complexes than assumed in the linear models or of the presence of some isomeric arrangement of the constituent monomers not corresponding to either type of model. Oligomers containing 'branches' would be expected to exhibit sedimentation behaviour intermediate between those of compact and fully extended structures. The lack of agreement of these sedimentation coefficients with the models reflected merely an inadequate hydrodynamic simulation rather than heterogeneity with respect to the number of IgG molecules within the complexes, since these preparations exhibited single bands in analytical sodium dodecyl sulphate/polyacrylamide-gel electrophoresis. Moreover, the observed weight-average molecular weights did not hint at a significant degree of heterogeneity, as they Were always near multiples of 140000-150000 (Table 1) To assess the extent of chemical modification of lysine residues in IgG molecules during the preparation of the oligomers, the disulphide bonds in the cross-linking molecules and in the constituent IgG molecules of various oligomers were reduced and alkylated with iodo[1-14C]acetamide, and the heavy chains and light chains of IgG were separated electrophoretically in the presence of sodium dodecyl sulphate. The number of residues modified by the cross-linking agent was then determined ( Table 2) . As apparent from Table 2 , the oligomers produced by method A and method B exhibited a modest degree of modification.
The oligomers prepared by method B lack sufficient cross-links to be cyclic (Table 2) , corroborative evidence for the assignment of oligomer geometry on the basis of the sedimentation-velocity analyses. With the oligomers prepared by method A, the degree of cross-linking is somewhat higher. The geometry of these latter oligomers may differ slightly from that of the other series because of the presence of the additional cross-links. This difference may in turn affect the biological properties of these Mligomers.
To evaluate the effect of the cross-linking agent on the conformation of the IgG molecules within clusters, c.d. spectra of selected oligomers were taken and compared with that of native monomeric IgG (Fig. 3) . The c.d. spectra of dimeric and tetrameric complexes prepared by method B were almost superimposable on the spectrum of untreated IgG from the same serum, exhibiting no shift in the negative maximum at 216nm, with the exception of minor changes in the molar ellipticity at the 212-217nm region and around 230nm. This attested to the essentially unaltered structure of IgG within the oligomers.
The effect of the reduction of cross-linking agent on the sedimentation properties of IgG trimers and pentamers is illustrated in Fig. 4 . Reduction converted the trimer and the pentamer into monomeric IgG, as evidenced by the decrease in the sedimentaion coefficients from 1 1.2 to 6.5 S and from 16.1 to 6.4 S respectively.
On the basis of several experiments, typical yields of repurified oligomers were 9-20% for dimers, 2-4% for trimers and 1-2% for tetramers. Method A generally exhibited yields at the lower end of these quoted ranges. When the amount of crosslinker was increased from 4 to 6mg/ml, the yield in [61 = 6M/lOcl where 6 is the ellipticity measured in degrees, M is the mean residue weight, c is the protein concentration in g/ml and 1 is the path length of the cell. Fig. 4 . Effect ofthe reduction ofcross-linking agent on the sedimentation properties oflgG trimers and pentamers Trimeric and pentameric oligomers prepared by method B (no hapten present) were reduced and alkylated as described in the Materials and Methods section. This treatment converted the trimer (a) and the pentamer (b) into monomeric IgG, as seen in the decrease of the sedimentation coefficients from 1 1.2 to 6.5 S (a and a') and from 16.1 to 6.4S respectively (b and b'). The sedimentation profiles were recorded 16min after the rotor reached a speed of SOOOOrev./min. oligomers was increased, but these more extensively cross-linked molecules lost the ability to bind complement subcomponent C lq (see the accompanying paper, Wright et al., 1980) . In order to obtain biological active oligomers, the concentration of cross-linker never exceeded 4 mg/ml. The oligomers were stable for at least 2 months when stored at -70°C, exhibiting no change in sedimentation or electrophoretic properties. In addition, similar experiments indicated that normal human IgG as wel as a human IgG3 myeloma protein gave similar products when oligomers were prepared by method B.
Discussion
To explore the role played by aggregation of monomeric antibody molecule in the elicitation of effector functions mediated by the Fc part of IgG, we have prepared chemically stable aggregates of rabbit immunoglobulin G and purified discrete oligomers to homogeneity. They were obtained by polymerization of IgG monomers by the use of a bifunctional cross-linking agents, dithiobis(succinimidylproprionate). They are stable as long as no reducing agents are present (compare Fig. 1 with Fig. 4) . To correlate rigorously antibody-mediated functions such as, for example, fixation or activation of complement with the degree of polymerization of antibody monomers, the antibody oligomers must be stable under physiological conditions over a wide concentration range, exhibiting no tendency to aggregate or dissociate. Previous preparations of IgG oligomers have not completely satisfied this requirement (Hyslop et al., 1970; Segal & Hurwitz, 1976) . The oligomers whose preparation is described in detail in the present paper also permit the effect of antibody orientation within the complex on interaction with the first complement component to be assessed. In the first case (method A) antibody was organized into complexes known to fix complement by the addition of a multivalent hapten (Jaton et al., 1976) . Through multiple cross-linking this arrangement could be applied in all cases where the antigen or hapten in soluble immune complexes would not be attacked by the cross-linking reagent, thus permitting the isolation of antibody complexes free of antigen or hapten. The danger of re-association of complexes via hapten or antigen is thereby eliminated. Alternatively, non-immune IgG could be cross-linked in concentrated solution. Provided that there is no preferred mode of association of antibody under these conditions, random distribution of Fab-Fab, Fc-Fab and Fc-Fc cross-links are expected. Both the low degree of cross-linking (Table  2 ) and the lack of significant changes in the c.d.
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Stable defined oligomers of IgG serving as models of antigen-antibody complexes have many applications. The minimal size of an oligomer necessary to activate complement component C 1 or C4 may be unambiguously determined. Data in the literature based on the use of unstable cyclic (Hyslop et al., 1970) or undefined (Jaton et al., 1976) complexes suggested that a tetramer or pentamer was the minimum size of an aggregate necessary for complement fixation. Even IgG oligomers, crosslinked in the V-regions by an affinity label, are unstable except when hapten has bound to the antibody (Segal & Hurwitz, 1976) .
Stable immunoglobulin E oligomers have been prepared, and investigation indicated that a dimer is the smallest species required to trigger an effector function, degranulation of mastocytes (Segal et al., 1977) in that case. Thus it is of major interest to determine whether dimers of IgG are functional in activating the complement system. These oligomers can be used in electron-microscopic, spectral and kinetic studies of the interaction of IgG with complement subcomponent C 1 q and component C 1. Additionally, neutron-scattering experiments appear to confirm the 'bouquet' model of the complement subcomponent Clq macromolecule (R. A. Dwek, personal communication). The use of the oligomers described in the present paper could be very profitable in assessing the effects of antibody binding on the structure of complement subcomponent Clq. Full details of the use of these oligomers in testing effector functions of antibodies are reported in the accompanying paper (Wright et al., 1980) .
